Activation of the WASF3 protein by extracellular stimuli promotes actin cytoskeleton reorganization and facilitates cancer cell invasion, whereas WASF3 depletion suppresses invasion and metastasis. In quiescent cells, the interaction between WASF3 and a complex of proteins including CYFIP1 acts as a conformational restraint to prevent WASF3 activation. Therefore, we took advantage of this endogenous regulatory mechanism 
INTRODUCTION
WASF3 (1) is one of three genes in the Wiskott-Aldridge Syndrome family which have been implicated in the regulation of cell movement related to wound healing, neuronal migration, chemotaxis and immune cell activation, through control of membrane protrusions resulting from reorganization of the actin cytoskeleton (2) (3) (4) . The protein C-termini carry motifs (VCA) that bind to monomeric actin and the ARP2/3 complex, to facilitate actin polymerization and cytoskeleton reorganization (1) . In resting cells, WASF proteins are maintained in a conformation-restricted, inactive form as a result of binding the WASF regulatory complex (WRC) comprised of the CYFIP1/SRA1 (or the PIR121/CYFIP2 ortholog), NCKAP1/NAP1/HEM2 (or the HEM1 ortholog), ABI2 (or the ABI1 and ABI3 orthologs) and HSPC300/BRICK1 proteins (5-7). Activation of WASF proteins are facilitated by binding Rac proteins and phosphorylation of tyrosine residues, which leads to relaxation of the conformational constraints and, in the cases of WASF3, results in increased migration, invasion and metastasis (5) .
WASF3 involvement in invasion/metastasis has largely been studied in model cell systems, but is supported by the observation that high-level WASF3 expression is associated with high-grade primary breast (5, 8) and prostate cancers (9) . Knockdown of WASF3 in breast and prostate cancer cells leads to a reduction in cell invasion in vitro and metastasis in xenograft models in vivo (5, 9) . Non-metastatic cells do not express WASF3 (10) , but reexpression in these cells leads to acquisition of the invasion phenotype. Although primarily considered a protein that regulates actin cytoskeleton dynamics, WASF3 has also been shown to have a regulatory function that affects expression of genes involved in metastasis such as KISS1, ZEB1 and miRNA200s (10) (11) (12) and its activity and expression is regulated by proteins such as JAK2, HSP70, ABL and HIF1 (13) (14) (15) (16) , which have also been implicated in metastasis. WASF3 also interacts with the ATAD3A mitochondrial protein, which regulates its stability at the mitochondrial membrane (17) .
A relatively new class of inhibitors that provides the potential for much greater inhibition of protein function with high specificity has been developed, in which chemically stabilized peptides are used to target protein-protein interactions (PPIs). These "stapled peptides" (SP) are synthetically designed to stabilize and constrain an α-helical structure through macrocyclic ring formation using ring closing metathesis chemistry (18) (19) (20) (21) . Further, these locked peptides can exhibit drug-like properties including enhanced cell permeability and resistance to proteolytic degradation (22) (23) (24) . SPs have only recently been considered as biological therapeutics and still face challenges of cost and delivery but several are currently being investigated in Phase I clinical trials (25, 26) .
The structure of the WASF proteins determines their function, which is regulated through interactions with two different subcomplexes (6,7) involving the CYFIP1-NCKAP1 dimer and the ABI2-HSPC300-WASF trimer. Regulation of the VCA domain, and hence actin polymerization, is facilitated by a complex structural interaction between CYFIP1/NCKAP1 and the WASF proteins that act allosterically to prevent actin polymerization. Analysis of the WASF1 crystal structure, and its association with the WRC proteins, demonstrates several critical interacting sites throughout the protein complex (6,7), identifying potential targeting sites to disrupt WASF3 function. In this report we describe the design of stapled peptides that target essential interactions between WASF3 and CYFIP1, and demonstrate that they can suppress WASF3 activation, thereby leading to loss of invasion potential in breast and prostate cancer cells without inhibiting cellular proliferation. As such, these inhibitor peptides offer an opportunity to investigate how suppression of WASF3 function can lead to suppression of invasion and metastasis.
MATERIALS AND METHODS

Stapled peptide synthesis
Peptides were prepared manually using standard Fmoc solid-phase peptide synthesis as described previously (27) . The purified peptides were quantified using the Pierce HABA-Avidin microplate protocol by measuring absorbance at 500 nm using the Biotek Synergy 2 Microplate Reader. WAHM1 molecular weight = 2291.4 (expected = 2291.8), WAHM2 molecular weight= 2305.2 (expected = 2305.8), SCR1 molecular weight = 2291.4 (expected = 2291.8), SCR2 molecular weight 2305.8 (expected = 2305.8).
Molecular reagents and constructs
pLKO.1 lentiviral vectors harboring shRNAs targeting WASF1, WASF2, WASF3 or NCKAP1 were obtained from Open Biosystems and shCYFIP1 was from Sigma-Aldrich. WASF2 and WASF3 antibodies were purchased from Cell Signaling Technology. Antibodies against CYFIP1, NCKAP1, WASF1, Rac1 and Rac2 were from Abcam and KISS1 was from Santa Cruz Biotechnology. Antibodies against PY20 and β-Actin were from Sigma. HSP90 inhibitor 17-AAG was obtained from Selleckchem (Houston, TX).
Cell lines and standard assays
MDA-MB-231 cells were obtained from ATCC (04/11) and have been verified using SNP-CGH (11) for characteristic cytogenetic changes. DU145 cells were obtained from ATCC on Feb 10, 2014 and passage <5 were used in this study. The ATCC Cell Authentication Testing service confirmed the identity of Hs578T and PC3 cells using STR DNA fingerprinting analysis (08/15/15). Lentiviral transduction, cell proliferation assays, wound healing assays, Transwell invasion assays, western blotting, flow cytometry and Real-time RT-PCR analysis were carried out as described previously (9) (10) (11) (15) (16) (17) 
Immunoprecipitation assays
Immunoprecipitation assays were carried out as described previously (15, 16) . To determine the physical interaction with individual peptides, MDA-MB-231 cells were pretreated with 10 μM biotin-labeled peptides for 24 hours and lysates were incubated with immobilized avidin resin overnight at 4 °C. The pull down samples were subjected to SDS-PAGE followed by Western blot analysis.
Detection of MMP-9 secretion in culture supernatant by ELISA assays
Cell supernatants were recovered and centrifuged at 1000 g at 4°C for 20 min and MMP9 levels were measured using the Human MMP9 Quantikine ® ELISA kit (R&D Systems) and microplate reader at 450 nm.
Experimental metastasis assays
Mouse metastasis assays in SCID mice, approved by the GRU IACUC, were performed as described previously (5, 9) . Lungs were fixed in 10% neutral buffered formalin, embedded in paraffin blocks, sectioned at 5 μm, and subjected to hematoxylin and eosin staining.
RESULTS
Loss of CYFIP1 protein leads to WASF3 instability resulting in suppression of invasion
Analysis of the WASF complex suggested that the WRC proteins, and in particular the CYFIP1-NCKAP1 dimer, influence its functional activation (28, 29) . To evaluate the importance of this complex for the function of WASF3, we created shRNAs to knock down the CYFIP1 protein in MDA-MB-231 breast and PC3 prostate cancer cells. In both cases, two independent shRNAs were used and, as shown in Figure 1A , high-level suppression of protein expression was achieved in both cases. Coincident with the knockdown of CYFIP1, WASF3 protein levels were also significantly suppressed (Fig. 1A) , whereas WASF3 transcript levels were not affected (Supplementary Figure S1) , demonstrating that the stability of WASF3 protein is dependent on its interaction with CYFIP1. Invasion assays demonstrated that knockdown of CYFIP1 also led to a highly significant reduction in invasion potential (Fig. 1B) , as seen for WASF3 knockdown in these cell lines (5,9,11).
These data suggest that disrupting the protein-protein complex involving CYFIP1 could lead to suppression of invasion by affecting WASF3 function.
Role of WASF family members in invasion and metastasis
As shown above, CYFIP1 interacts with WASF3 and loss of either protein leads to loss of invasion.
CYFIP1, however, also interacts with WASF1 and WASF2, and so targeting the WASF3-CYFIP1 interaction may also affect the function of these proteins. As shown in Figure 1A , knockdown of CYFIP1 also leads to reduced protein levels of WASF1 and WASF2 without affecting their transcript levels (Supplementary Figure   S1 ). Knock down of either WASF1 or WASF2 in MDA-MB-231 cells, however, using two independent shRNAs ( Fig. 1C ) shows no effect on proliferation (Supplementary Figure S2) . Using Transwell invasion assays, there was also no significant suppression of invasion potential as a result of knockdown of WASF1 or WASF2 (Fig. 1D ). In contrast, there was a significant reduction in invasion potential when WASF3 was knocked down (Fig. 1D ). When MDA-MB-231 cells, in which the three WASF genes had been individually knocked down, were injected into the tail veins of SCID mice, the number of tumor nodules on the lung surface were reduced compared with parental cells. Analysis of lungs from mice injected with WASF3 knockdown MDA-MB-231 cells, showed a significant reduction in surface nodules compared with both parental cells and cells in which either WASF1 and WASF2 had been knocked down (Fig. 1E ). In addition, histological analysis showed large tumor foci throughout the lungs in mice that had been injected with either WASF1 or WASF2 knockdown cells ( These observations suggest that, although the WASF proteins have been implicated in cell movement, only WASF3 is particularly and specifically associated with invasion and metastasis of cancer cells (Fig. 1) . Therefore, it is unlikely that any specific invasion-suppressive effects produced by targeting the WASF3-CYFIP1 complex are a result of targeting functional protein-protein interactions involving the other WASF family members.
Targeting the CYFIP1-WASF interaction with stapled peptides
Defining α-helical interfaces between target proteins can only be derived from three-dimensional structural information. Although the crystal structure of WASF3 has not been established, related studies (6,7) identified a large α-helical interface between CYFIP1 and WASF1 at amino acid residues 26-41 ( Fig. 2A) , the amino acid sequence of which is virtually identical in WASF3 ( Fig. 2A) , suggesting that this region may perform the same function in both proteins. We therefore developed SP inhibitors derived from this sequence which are referred to as WASF Helix Mimics (WAHM) with sequences LEK*TNS*LAKIIRQL (WAHM1) and LEKKTN*TLA*IIRQL (WAHM2), where * indicates the position of the (S)-2-(4'-pentenyl)alanine that forms the staple (Fig. 2B) . Two scrambled (SCR) peptides (SCR1: SRA*LLI*TKIQNELK for WAHM1, and SCR2: TRAILL*ITK*QNELK for WAHM2) were also designed as negative controls for the study. All peptides were modified to contain an N-terminal 5(6)-carboxyfluorescein label for studies involving cellular uptake and intracellular location.
Breast (HS578T and MDA-MB-231) and prostate (PC3 and DU145) cancer cells were exposed to WAHM1 and WAHM2 and their scrambled controls at a concentration of 10 μM, and cellular uptake was followed by assessing fluorescein levels in the cells using confocal microscopy and flow cytometry (Fig. 2C, D) .
After 6 hours, all four cell lines demonstrated high-level cytoplasmic fluorescence in > 80% of the cells (Fig.   2C ). Flow cytometry showed a progressive increase in intracellular fluorescence over the first 2-hours (Fig. 2D ).
No obvious increase or decrease in fluorescence intensity was seen after 24 hours (data not shown). These data demonstrate a rapid and high-level uptake of these peptides by cancer cells, as we have seen for other SPs (27) . To determine whether the SPs formed a complex with WASF3 within the cells, MDA-MB-231 cells were exposed to biotinylated WAHM1 and WAHM2 for 6 hours, after which the cells were lysed and pull down assays were performed using avidin-coated beads. As shown in Figure 3a , WASF3 protein levels were not affected by the SPs, whether they were treated for short (2 hours) or longer (24 hours) periods ( Supplementary   Fig. S3 ). However, CYFIP1 was present in the pull down complex with both WAHM1 and WAHM2 but not the SCR peptides, in a concentration-dependent manner (2.5 µM versus 10 µM) (Fig. 3A) . IP of WASF3 from these cells demonstrated that the CYFIP1 protein was largely absent in the immunocomplex from cells treated with the two SPs (Fig. 3B) , further demonstrating that these peptides affect the assembly or stability of this protein complex.
WAHM1/2 peptides suppress cancer cell motility and invasion
Since the stapled peptides are reasonably stable for at least 24 hours within the cell, we were able to investigate their effect on short-term cell motility, proliferation and invasion. Using MTS assays, there was no significant difference in cell proliferation in either breast or prostate cancer cells treated with either WAHM1 or WAHM2, or the scrambled peptides at a 10 μM concentration over 24 hours (Supplementary Fig. S4 ).
Decreased cell motility has been associated with increased stress fiber formation (9, 13) . To investigate whether the SPs affected organization of the microfilament network in cells treated with WHAM peptides, we used Phalloidin-binding assays to quantify polymerized F-actin in four different cell lines treated with either WAHM1 or WAHM2. In all cases the actin cytoskeleton became more organized, with increased numbers and thickness of the actin stress fibers (not shown) which led to increased fluorescence intensity (Fig. 4A) , compared with cells treated with DMSO or scrambled SPs. Thus, disrupting the CYFIP1-WASF3 interaction increases intracellular actin bundles, which is also a feature of WASF3 knockdown cells (30) and is associated with reduced cell migration and invasion. Using the scratch wound assay, treatment of breast and prostate cell lines with SPs led to reduced migration potential ( Fig. 4B and Supplementary Fig. S5A ), which is consistent with previous observations following shRNA knockdown of WASF3 (5, 9, 11 (Fig. 4C and Supplementary Fig.   S5B ). The equivalency of this effect between DMSO and SCR treatment demonstrates that neither SCR control peptide had any significant effect on the invasion phenotype. High dose treatment (10 μM) suppressed cell invasion more efficiently than low dose treatment (2.5 μM), indicating a dose-dependent effect of WAHM1 and WAHM2 on cell invasion (Supplementary Fig. S6 ). Thus, targeting the CYFIP1-WASF3 interaction with SPs affects cancer cell cytoskeleton organization, motility and invasion, consistent with knockdown of WASF3 function achieved by other means.
WAHM treatment leads to loss of WASF3 activation
ShRNA knockdown of CYFIP1 leads to WASF3 protein destabilization (Fig. 1) . In the SP treated cells, however, there was no change in WASF3 protein levels compared with control treated cells ( Fig. 3 and Supplementary Fig. S3 ). Thus, targeting the WASF3 complex with WAHM1/2 does not lead to its degradation as seen following genetic knockdown of any of the three WASF proteins, even though invasion and migration are dramatically affected. Similarly, SP treatment did not affect WASF1 or WASF2 protein levels (Fig. 5D ).
Since WASF3 function depends on its phosphoactivation (13, 15, 16) , we investigated the phosphorylation status of WASF3 following treatment with WAHM1 or WAHM2. Treatment of MDA-MB-231 cells with either WAHM1 or WAHM2 led to a dramatic decrease in WASF3 phosphorylation levels (Fig. 5A, B) , without a reduction in WASF3 protein levels. The same effect was observed in PC3 prostate cancer cells (data not shown).
Thus, loss of WASF3 activation resulting from SP treatment accounts for the suppression of invasion. We previously demonstrated that inactivation of HSP90 with 17-AAG also led to reduced WASF3 phosphoactivation due to suppression of ABL kinase function (15) . Treatment with the SPs, however, showed that suppression of WASF3 activation was far more significant (Fig. 5B) Growth factors and cytokines induce phosphoactivation of WASF3 (16, 30) . Thus, in cells cultured in serum, there is a consistent subpopulation of the WASF3 protein that is activated as demonstrated by its relocation to the leading edge of invading cells. In starved cells, however, WASF3 activation is virtually undetectable (Supplementary Fig. S7 ). To determine whether treatment with SPs specifically affects activated WASF3, we starved MDA-MB-231 and PC3 cells overnight and then treated them for 4 hours with WHAM1 and WHAM2. As shown in Figure 5C , in the absence of serum, WASF3 levels are reduced below detectable levels following SP treatment compared with non-treatment or scrambled peptide treatment. These data suggest that the inactive form of WASF3 is more susceptible to degradation following disruption of the CYFIP1-WASF3 complex.
WAHM1/2 suppresses MMP9 secretion through inactivation of WASF3
WASF3-mediated invasion is associated with downregulation of KISS1 (10,11) but this effect was not seen in WASF1-or WASF2-depleted cells (10) . Knockdown of WASF3 also leads to downregulation of MMP9 expression and secretion (10) . Western blot analysis of MDA-MB-231 cells treated with WAHM1 or WAHM2 showed increased KISS1 levels (Fig. 5D ) and in MDA-MB-231 and PC3 cells, there was a remarkable reduction in secreted MMP9 levels compared with treatment with scrambled controls (Fig. 5E) . Collectively, these results indicate that disruption of the CYFIP1-WASF complex leads to suppression of MMP-9 secretion through inhibition of the WASF3-KISS1 signaling cascade.
WAHM peptides disrupt the binding of Rac1/2 to the WASF3 complex.
Activated Rac1 induces lamellipodia formation and is suggested to bind the WASF regulatory complex including CYFIP1/NCKAP. Although Rac1 has been implicated in this function, our MS analysis of PC3 cells for example (15) identified Rac2 in the immunocomplex as well (Supplementary Fig. S8 ), which was confirmed by IP and western blotting (Fig. 6A) . To determine whether the WHAM1/2 effect on the CYFIP-WASF3 complex also involved Rac binding, we generated IP using WASF3 antibodies and then western blot analysis of MDA-MB-231 cells following treatment with either WAHM1/2 or SCR1 control peptides. As seen in Figure   6A , Rac2, while present in the untreated cells and scramble control treated cells, could not be detected in the WASF3 IP from WAHM treated cells. IP analysis further demonstrated that both Rac1 and Rac2 are present in the WASF3 immunocomplex (Fig. 6B ).
DISCUSSION
One of the challenges in exploring strategies to increase survival in cancer patients is to devise a means of suppressing the most lethal aspect of the disease that results from metastatic progression. Overexpression of WASF3 is now clearly correlated with high-grade breast and prostate cancer (8, 9, 31) , and experimental evidence to date suggests that its inactivation leads to suppression of invasion and metastasis in several model cell systems (5, (9) (10) (11) , raising the possibility that targeting its function may provide a means of suppressing metastasis. The present study supports this idea, where specific targeting of WASF3 function, using stapled peptides, affecting the WASF3-CYFIP1 protein-protein interaction disrupts WASF3 activity and suppresses the invasion phenotype.
Genetic knockdown of CYFIP1 leads to an almost complete absence of the protein, with a concomitant reduction in WASF3 protein levels. As expected, this leads to suppression of invasion, demonstrating a functional consequence of disrupting the WRC complex. In the absence of CYFIP1, WASF3 protein levels are almost completely lost, demonstrating the importance of these interactions in maintaining the stability of members of the complex and underscoring the importance of the CYFIP1-NCKAP1 dimer in maintaining the function of the WASF3 protein. In contrast, however, targeting the interface between CYFIP1 and WASF3 (amino acids 21-46) with the stapled peptides, does not affect WASF3 protein levels, but rather prevents phosphoactivation, which we have shown is absolutely required for invasion (13, 15, 16) . Activation of the WASF3 proteins can be achieved by binding to GTP-loaded Rac1 (32) and, as we show here, Rac2 is also identified in the immunocomplex with WASF3 suggesting a possible role for this family member in WASF3 activation as well. It has been shown that Rac binding, in contrast to the shRNA knockdown, does not disrupt (33, 34) . When CYFIP1 is absent from the complex, WASF proteins cannot respond to Rac1 activation and subsequent cytoskeletal remodeling, supporting our observation that knockdown of CYFIP1 also leads to loss of invasion. These observations suggest that the WAHM SPs interfere with the WRC conformation sufficiently to prevent Rac binding, but not enough to disrupt stability of WASF3. As a consequence, however, WASF3 phosphoactivation is prevented, which accounts for the loss of invasion. These observations are consistent with previous reports that preventing phosphoactivation of WASF3, either by targeting critical activating kinases, or destabilizing them, leads to the same loss of the invasion phenotype (13, 15, 16) . This phosphoactivation of WASF3 appears to have a role in maintaining WASF3 integrity since, in the absence of serum, where WASF3 exists in an unphosphorylated, inactive form, WAHM1/2 treatment leads to loss of WASF3 protein, whereas in the presence of serum where WASF3 is activated, the WASF3 protein is protected from degradation, even in the absence of bound CYFIP1. These data further support the idea that WASF3 function is highly dependent on the overall structural conformation imposed on the WRC by the constituent proteins and that WAHM peptides are sufficient to disrupt the complex to prevent Rac binding and WASF3 activation.
WASF1 and WASF2 have also been implicated in cell movement through regulation of other membrane structures such as membrane ruffles (35) . While it might be expected that targeting the CYFIP1-WASF3 interface may also affect the function of the other two WASF family members, we now show, in a side-by-side comparison of the same cell types that respond to WASF3 loss, neither of these family members are required for cancer cell invasion. The SPs therefore, specifically target this phenotype through regulation of WASF3 function. These observations further support a specific role for the WASF3 family member in the regulation of invasion and metastasis.
Our studies indicate that knockdown of CYFIP1 in highly invasive cancer cells leads to suppression of invasion due to its regulatory role over WASF3. It was suggested in a previous study (36) , however, that CYFIP1 may have a tumor suppressor function, although these studies were largely performed in normal CAN-15-1680 MCF10A breast cells, which may provide a different context for the function of CYFIP1 and in its interactions with other members of the WASF family, in particular WASF2, which we have shown does not influence invasion in highly metastatic cells. It is possible, therefore, that CYFIP1 may have different effects in normal cells that result from a disruption of the functional interaction with WASF1 and WASF2, but our studies clearly show that CYFIP1 is required to engage in the WASF3 complex to promote cancer cell invasion in different cell types.
Here we show that targeting the CYFIP1-WASF3 interaction leads to suppression of invasion as well as downregulation of invasion-related signaling cascades that were previously reported to be WASF3-dependent, including regulation of KISS1 and MMP-9 levels as a result of WASF3 phosphoactivation. Thus, from a molecular and functional standpoint, the SPs can effectively suppress invasion by suppressing WASF3 signaling, although the levels of suppression of invasion were only ~50-75%, compared with an 80-90% knockdown achieved with the best performing shRNAs. We feel, however, that, as with different shRNAs that have variable efficiencies, achieving effective suppression of function using SPs depends on optimizing the target sequence and peptide design, since the position of the staple and the sequence being targeted can have significant effects on efficacy for optimal suppression of function (37) . In the current proof-of-principle series of experiments, however, we demonstrated that the WAHM inhibitors can suppress WASF3 function by targeting a particular PPI. Using this as a starting point, more comprehensive SP libraries can be designed for optimization of suppression of WASF3 function and support targeting CYFIP1-WASF3 in the future to suppress invasion in vivo once robust delivery systems can be developed.
The selected target for the WASF3 SPs was based on the trimeric crystallographic structure of CYFIP1-NCKAP1-WASF1. This interaction is highly conserved between the WASF1 and WASF2 proteins, which might suggest that these SPs could also affect the function of the other two family members. While there may be unknown effects as a result of affecting WASF1/2 function, these do not manifest into changes in cell proliferation or invasion, since knockdown of either WASF1 or WASF2 individually did not lead to a change in invasion in the cancer cell types studied. It appears, therefore, that WASF3 function is specifically related to invasion and that this relies on an interaction with the CYFIP1-NCKAP1 complex. WASF1 and WASF2 have also been implicated in regulating cell movement through influencing other membrane structures such as ruffles and filopodia (38, 39) but it is clear from the knockdown studies that these membrane structures do not have a significant effect on invasion or metastasis. As a result, targeting the CYFIP1-NCKAP1-WASF3 complex may provide some specificity for approaches designed to inactivate WASF3 in order to achieve suppression of invasion and metastasis. 
